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This paper presents a unique learning and research 
experience for students from mechanical and electrical 
engineering majors in a course on senior design projects 
involving research & development, design and production 
of a proof-of-concept electric vehicle, the ZEM (Zero 
EMissions) vehicle. The ZEM vehicle combined positive 
aspects and latest technologies in electric vehicle design, 
solar/electric power conversions, and ergonomic human 
power into one affordable and environmentally sustainable 
vehicle for urban transportation. The 43 mechanical and 10 
electrical engineering majors plus 7 students from business 
participated in this multidisciplinary project spanned over 
two academic years. The students involved in this multi-
year endeavor gained valuable experiences in real-world 
working environment with multifunctional and multi-year 
sub-groups. The success of this new attempt in conducting 
senior design projects classes have set a model for faculty 
members in the authors’ university in conducting similar 
courses.  
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I.  INTRODUCTION 
 
     Authors of this paper have been instructors of a senior 
project course in their respective departments for many 
years. Previous projects, like those from other engineering 
schools, were focused on design projects on single-function 
devices or systems such as robots for specific tasks, human-
power vehicles for annual ASME sponsored competitions 
and electric systems for certain devices. Most these design 
projects lack long lasting values and impacts to the 
community. The authors were motivated to experiment with 
a new approach in conducting this course by challenging 
their students to be involved in projects that would have 
potential benefits to global community in eco-environment 
and socioeconomic well being, and also acquire R&D 
experience from a real-world working environment with 
multifunctional and multi-year sub-groups. Consequently, 
they selected a pilot project of innovative design of a hybrid 
human/solar/electric-powered vehicle that would be 
practical for modern urban transportation in their senior 
design projects class in two academic years from 2006 to 
2008.    
 
     There were 16 ME and 3 electrical engineering (EE) 
students signing up in an innovative design of a 4-wheel 
electric vehicle with the size that is compatible to that of 
neighborhood electric vehicles in the marketplace, and the 
vehicle could be driven by a similar hybrid human pedaling 
and electric power but with solar photovoltaic (PV) cells to 
supply additional power to charge the batteries.  This 
vehicle is regarded as the ZEM vehicle. All authors acted as 
faculty supervisors of this project. In this first academic 
year, the student teams accomplished the design of a proof-
of-concept prototype ZEM vehicle ready for construction. A 
team of 7 students from the College of Business at the 
authors’ university used the ZEM project as its case study 
project for a course on business entrepreneurship in 2007. 
Student teams with expanded memberships of 27 ME and 7 
EE students enrolled in the next academic year to undertake 
the construction of the prototype ZEM vehicle under the 
supervision of the second and third authors. This major task 
was accomplished in December 2008 with able assistance of 
technical staff of the College of Engineering in fault-proof 
test runs during the summer of that year. The design of 
ZEM vehicle won the First Prize in the 2007 National Idea-
to-Product Competition for Engineering Projects in 
Community Services and Social Entrepreneurship at 
Princeton University with a cash award of $15,000.  
 
II.  THE ZEM PROJECT 
 
     There have been clear messages sent to engineering 
educators by prominent business leaders in the country that 
they desire engineering graduates to be proficient in: (1) 
communication, (2) team work experience, and (3) 
knowledge and experience in multidiscipline. These desired 
skills are documented in several special reports by the 
National Science Foundation, American Society for 
Engineering Education and the ABET [1-4].   Engineering 
educators have been working relentlessly to cultivate their 
students’ acquiring such skills in addition to the 
professional knowledge and skill in their specific disciplines 
[5-7].  
 
     The ZEM vehicle, designed for 2 riders, is intended for 
both energy-efficient urban commuting and for light utility 
services and small business deliveries.  The motor of the 
ZEM vehicle is driven by batteries that can be charged by 
household 110-VAC electric outlets, and by solar energy 
harnessed by the collection panels that are integrated into 
the exterior surface of the vehicle. The vehicle can be driven 
at low speed by human pedaling in inner city streets with 
congested pedestrian and vehicle traffic. The electric motor 
can power the vehicle to run at a higher speed in other parts 
of the city. Solar energy reduces current load from the 
batteries during the operations of the vehicle and charges 
the batteries when the vehicle parks in open parking lots.  
The ZEM vehicle is suitable for urban commuting, errand 
runners, small business deliveries and shuttle services 
between designated locations. 
 
 
III.  DESIGN AND DEVELOPMENT PROCESS 
 
     The ZEM vehicle project intends to produce a low cost, 
energy efficient vehicle that harnesses three types of energy:  
human pedaling, electro-chemical and photovoltaic.  The 
design, research & development, and production of the 
“proof-of-concept” prototype ZEM vehicle turned out to be 
a major challenge to the students and the supervising faculty; 
there are several original ideas and concepts involved in the 
development process.   Students conducted research and 
development on several key subsystems to warrant the 
success of the project: 
 
A. Conduct research on suitability of batteries for the ZEM 
vehicle. Batteries are important design parameters for 
electric vehicle design; many batteries used in electric 
vehicles are heavy in weight and they become “dead 
load” to the vehicle after having consumed all the 
electric power they have stored. Two types of batteries 
were considered: the lead-acid batteries and silicone 
batteries. The lead acid batteries are low cost but have 
low energy density. The silicone batteries are relatively 
new on the market. They use dry silicate as electrolytes 
and have high power density suitable for vehicles, and 
they are also environmentally friendly. However, these 
batteries are high in cost.  An extensive research study 
was spent by the student team to determine which of 
these two types of batteries would be suitable for the 
ZEM vehicle. Figure 1 shows the schematic of their 
study and their findings were presented in Table 1. 
 
B. Research on solar-electric power conversion and 
transmission for ZEM vehicle. The teams of students of 
ME and EE majors soon realized that there was no 
precedence on the design in solar-electric energy 
conversion for vehicles in open literature.  Several 
experimentations were performed to evaluate the 
feasibility of this subsystem design. An energy system 




quantitatively demonstrate the functionality and 
interaction between power produced by the solar PV 
cells and the power consuming systems for the ZEM 
vehicle.   
 
Fig. 1  Schematic of Battery Experiment 
 
 
Table 1  EXPERIMENTAL FINDINGS 
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hours (at 12A, 
100 to 20% 
SoC)  
21 43.8 ZEM  
Energy 
Experiment 
Charging Time 4-8 hours 2-4 hours Ref. [8] 
Memory Effects @  low volt None Ref. [8] 
 
     This experiment was carried out by a special facility 
on a roof-top balcony of the engineering building.  It 
involved the selected high-output silicone batteries for 
the ZEM vehicle, PV charge controller, PC & power 
supply, and data acquisition system.  In this experiment, 
students evaluated the solar PV system performance.  
Experiment was performed on an eight-hour day in 
March 2008 and the data was plotted against the 
theoretical prediction of available solar energy at this 
particular location.  Table 2 shows the theoretical 
predictions and experimental measurements.  The 
experimental measured data is averaged 26% lower 
than the predicted value in the solar PV output power.  
The main source of error was most likely from the 
environment of the experimental site which was 
surrounded by trees and buildings.  The secondary 
source of error may have to do with the surface 
polarization effect [9] inherent in the SunPower’s high 
efficiency solar cells design, although only a minor 
reduction in output power (2 to 5%) is expected in this 
application.  
 










     Another energy experiment was conducted to 
simulate the full energy system.  This experiment 
provided feedback of a simulated system and data prior 
to actual full energy system integration on the ZEM 
vehicle.  Figure 2 shows schematic of this energy 
system experimental setup.  The above experiments 
allowed the students to not only become familiar with 
solar-electric conversion system for vehicles, but also 
the proper connections of various components and their 


































Fig. 2 Schematic of the Energy System Experiment 
 
 
C. Conduct research to prepare ZEM components for 
manufacturing/assembly, the ME student teams were 
working diligently on various tasks in the mechanical 
aspects of the ZEM project.  ZEM vehicle consists of 
innovative design of several major mechanical systems 
including vehicle frame and chassis, power 
transmission system, and suspension system. Figure 4  
shows the schematic of the electromechanical power 
transmission system used in the ZEM vehicle. Students 
developed a dual pedaling system for the ZEM vehicle 
which employs one common drive axle that can accept 
two separate power inputs; one from human pedaling 
and the other from an electric motor.  The front wheel 
drive axle consists of two power transmitting sprockets 
which are integrated into the differential housing of the 
vehicle. One of the sprockets connects to the electrical 
motor and the other sprocket connects to the pedal 
input shaft for human pedaling as shown in Figure 3 




















































 Fig. 3  The Power Transmission System 
 
 Friction clutches are integrated into the sprocket hubs 
mounted at the pedal input shaft which allows for direct 
power transmission from human pedaling at low speed 
of 5 to 7 mph. When the driving power of the vehicle is 
switched from human pedaling power to electric motor 
power, the clutches disengage and the pedal input shaft 
behaves like a free wheel. A hydraulic disc braking 




IV. DESIGN OF ZEM VEHICLE 
 
     The research on batteries and solar-electric power 
conversion and transmission as well as multiple power input 
to the drive train as mentioned above led to the design of 
complete power/drive system of the ZEM vehicle as 














Fig. 4    Schematic of the Power Transmission System    
 
     Major components of the ZEM electrical system include 
a series motor, a motor controller unit, a silicone battery 
bank and charger, a solar PV system and its charge 
controller, a DC/DC conversion unit, and a microcontroller-
based system to collect the data, process the information, 
and control the whole electrical power circuit. 
 
     The battery bank system includes eight 12V 70 Ahr 
silicone batteries, as shown in Figure 4. These 8 batteries 
are connected in series and parallel to provide 48 VDC 
power to the motor and DC/DC conversion unit. Measured 
results by the research work showed that for equivalent 
manufacturing specifications, the effectiveness ratios of 
silicone battery is higher than lead acid battery, but with 
lower charging rate. Since high energy density and 
environmental friendliness are more important to charging 
rate, silicone batteries were selected for the ZEM vehicle. 
 
     The solar PV system used in the project includes 4 
silicon-based PV panels. These solar panels are rated with 
nominal voltage of 40V and current of 5.1A, with a peak 
power at 205W and conversion efficiency of 16.5%. Since 
the operating voltage input to the PV charger should be 
higher than 48V for better efficiency, the four PV panels are 
wired in two parallel strings of two panels in series. This 
connection provides the theoretical operating voltage of 
80V with nominal current of about 10.2A and peak power at 
410W. Experimental results showed that during the sunny 
periods, the system can reach a maximum operating voltage 
of about 56V, a maximum current of about 7A, and a peak 
power at about 350W. The solar PV power is used to charge 
the battery bank by a 3-function charge controller, which is 
rated at 45A from a 48-VDC input. This charge controller is 
able to share the load with the battery bank when the vehicle 
is in use and charge the battery whenever there is no load.  
 
     The motor used in the ZEM vehicle has maximum output 
of 10 hp operated with 48VDC supply. The velocity of the 
vehicle is controlled by a programmable solid state motor 
controller. This controller is rated at 48V and 500A and is 
controlled by 0-5kΩ potentiometer. The motor controller 
takes a signal from the potentiometer and varies the duty 
cycle of the pulse-width-modulated (PWM) voltage applied 
to the armature of the motor. Varying duty cycle of the 
PWM voltage effectively varies the average voltage applied 
to the motor. The motor controller is programmed to operate 
as desires via an RS-232 serial port. 
 
     The whole vehicle electrical system is controlled by a 
microcontroller based system and the data acquisition unit. 
The microcontroller, the data acquisition circuit, the 
dashboard display system, the vehicle lighting system, and 
all automatic relays and switches are all powered by 5 VDC 
and 12 VDC supplied by a 450W DC/DC conversion unit. 
In order to limit large current load as well as to save battery 
energy, the microcontroller system only turns on the motor 
when the forward speed of the vehicle exceeds 5 mph. This 
is not applied to vehicle reversal, and drivers are able to turn 
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